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Abstract. Stereoscopic depth perception is demonstrated in the falcon, a non-
mammalian with binocular vision. This result complements recent physiological evi-
dence for binocular interaction in the bird visual system, and suggests that stereopsis
may be a general attribute of vertebrate vision and not an exclusive product of mam-

malian evolution.

Binocular vision, present whenever an
animal’s eyes view a common segment
of visual space, provides the horizontally
disparate stimulation considered to be
essential for the relative perception of
depth known as stereopsis (/, 2). Stere-
opsis, known for more than 100 years to
exist in humans, provides a compelling
rationale for the evolution of mecha-
nisms designed to promote binocularity,
such as yoked eye movements and semi-
decussation of the optic tract, which are
present in mammalian visual systems
and are particularly well developed in
primates. The apparent absence of these
mechanisms in nonmammalians, which
have independent eye movements and
complete decussation of the optic tract,
supports the hypothesis that binocular
vision and the attendant capacity for
stereopsis have been products of mam-
malian evolution and indeed may be de-
fining characteristics of primates (3-5).

But recent neuroanatomical com-
parisons of the visual systems of mam-
mals and nonmammals have revealed
many similarities between the older ver-
tebrate classes and the more recently
evolved mammals (6). The bird visual
system has received special scrutiny,
and in the pigeon and the owl pathways
have been identified that would permit
extensive interaction between the eyes
7,8

We now report a behavioral demon-
stration of stereopsis in the falcon, a
predatory nonmammalian with excellent
acuity and with temporal foveae that pro-
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vide binocular vision (9, 10). Our subject
was an American kestrel (Falco spar-
verius), which was trained to select a
stereoscopic form in a classic two-choice
discrimination task. In this testing situa-
tion, the bird sits on a perch and views
two displays enclosed in parallel alleys;
flying to the correct display (the stereo-
scopic form) produces a food reward,
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Fig. 1. Detection as a function of binocular
and monocular viewing conditions. The bin-
ocular condition (@) refers to dichoptic or
separate stimulation of each eye by the red
and the green dot matrices. This is accom-
plished by placing red and green filters before
the eyes and fulfills the requirement for stere-
oscopic presentation. The monocular condi-
tions refer to stimulation of both eyes by only
one dot matrix, either red or green. This is
accomplished by placing filters of the same
color, red or green, before the eyes. (©) Stim-
ulation by the left-eye matrix; (®) stimulation
by the right-eye matrix. The testing sessions,
consisting of 25 trials each, were consecutive.

flying to the incorrect display (no stereo-
scopic form) produces no reward. The
position of the correct stimulus is varied
randomly so that chance performance
would be 50 percent correct; perform-
ance significantly above chance would
be evidence of successful discrimination
arny.

The essential element in testing for
stereopsis in animals is a stereopsis dis-
play that contains no monocular cues an
animal might exploit through such strate-
gies as alternately closing the eyes or
making lateral head movements to obtain
motion parallax information. A display
free of monocular cues is provided by
random element stereograms in which
the left and right eye segments each con-
sist of a matrix of thousands of minute
dots (/2). Disparity is introduced by dis-
placing a subset of dots in one matrix.
When both segments are viewed by an
observer with stereopsis, the visual sys-
tem detects the disparity and generates
the perception of a stereoscopic form
that has distinct edges and a palpable
surface. When each segment is viewed
alone or both are viewed by an observer
without stereopsis, no trace of the form
is visible—only a matrix of randomly or-
dered dots can be seen. We used random
element stereograms consisting of large
matrices of red and green dots generated
on a modified color television receiver.
When appropriate red and green filters
are placed before the eyes the red and
green dot matrices stimulate separate
eyes, thereby fulfilling the conditions of
stereoscopic viewing (/3).

The falcon was trained to fly in the
testing apparatus while wearing a kind of
helmet-goggle device that placed filters
before its eyes. The filters completely
covered the field of view so that it was
not possible to view the display without
looking through the filters. Through a
gradual series of steps we trained the
bird to fly to the display containing the
stereoscopic form, which was a vertical
rectangle (1° by 3°) appearing in depth in
front of the display background (that is,
crossed disparity). During the initial
stages of training, discrimination was
aided by nonstereopsis information
about the location and shape of the form.
In the final stage of training, only stere-
opsis information was available. The
stereograms were in the dynamic mode,
in which all elements of the matrices
were replaced every 16 msec by a ran-
dom generator. The replacement pro-
duces a scintillating apparent motion of
the elements because the spatial posi-
tions of individual elements change, but
the clarity, shape, and depth of the ste-
reoscopic form are not altered. Replace-
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ment of elements on a random basis con-
tributes to the elimination of potential
nonstereopsis cues. It is possible that if
the positions of all elements in the ste-
reogram remained unchanged and were
examined for thousands of trials, some
feature of the element pattern could be
remembered and used for successful dis-
crimination. But that possibility is rather
improbable when the pattern of elements
is changed randomly 62 times per sec-
ond.

We found that the bird could reliably
select the display containing the stereo-
scopic form (on the order of 80 percent
correct), and this in itself is very strong
evidence that the bird possesses stere-
opsis. But we carried out additional ex-
periments to test more stringently for
stereopsis and to explore some of its
characteristics.

One standard test for stereopsis is to
measure performance under monocular
viewing conditions, since stereopsis re-
quires the simultaneous interaction of
both eyes. Since the bird would not fly
with one eye occluded, we carried out
the equivalent of monocular occlusion
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by placing filters of the same color before
the bird’s eyes. This procedure permits
only one dot matrix to stimulate the
eyes. These monocular control sessions
were introduced several times during
testing. Typical results are shown in Fig.
I, where it can be seen that discrimina-
tion falls to chance when the eye filters
are of the same color.

To obtain an estimate of the bird’s
threshold for stereopsis, we varied dis-
parity in discrete steps over sessions. A
session where discrimination was diffi-
cult was followed by a session where dis-
crimination was easy, in order to main-
tain motivation. Figure 2 shows how per-
formance varied with disparity. Note
that performance declines at the largest
disparities; human observers reported
the loss of stereopsis at these disparities,
presumably because some fusion limit
had been exceeded. Performance as a
function of disparity cannot be directly
compared with that of humans, but the
data do suggest that the falcon is sensi-
tive to the same order of magnitude of
disparity as humans (/4).

Perhaps the bird was responding to

Fig. 2. Detection as a function
of increasing disparity. The
eight disparity values are the
ones the system could gener-
ate, as described in (/4);
the disparity direction is
crossed—that is, the stereo-
scopic form appears to lie in
front of the background and
the apparent distance between
form and background increas-
es with increasing disparity.
The variable number of trials
at each data point is a by-prod-
uct of the testing procedure,
wherein difficult discrimina-
tion sessions were followed by
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easy discriminations in order
to maintain motiviation.
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Fig. 3. Detection as a function
of change in configuration of
the stereoscopic form. At the
start of session 6 the vertical
rectangle was rotated 90° to
the horizontal position, thus
providing a change in the stim-
ulus never previously in-
troduced during training and
testing. The sessions, each
consisting of 25 trials, were
consecutive.
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*‘something’’ in depth rather than to the
configuration of the stereoscopic form. If
so, then a change in configuration would
not alter performance. But if the configu-
ration or shape of the stereoscopic form
was being used by the bird to make cor-
rect discriminations, a change in configu-
ration would initially impair discrimina-
tion because of negative transfer. To test
the sensitivity of the bird to configura-
tion, we rotated the stereoscopic form by
90°. The result of this change, shown in
Fig. 3, reveals that performance abruptly
falls on introduction of the horizontal
rectangle and then gradually improves
with repeated exposure. This disruption
in performance strongly suggests that the
bird responded not only to the depth of
the stereoscopic form but also to its con-
figuration.

Together the results lead us to con-
clude that the falcon possesses stereop-
sis, a conclusion that complements nice-
ly the physiological evidence for binocu-
lar interaction within the bird’s visual
system. Moreover, the perception of ste-
reopsis from random element sterco-
grams is considered to require more
complex neural processing than per-
ception of stereopsis from displacement
of discrete contours (/5).

The fact that at least one non-
mammalian possesses stereopsis invites
the speculation that many nonmam-
malians representing different lines of
descent and possessing anatomical fea-
tures that favor binocular vision, such as
temporal foveae, prismatic corneas, and
sighting grooves, may also have stere-
opsis. Perhaps stereopsis is not an emer-
gent capacity bestowed on a relatively
small number of elite animals but is a
fundamental “attribute of vertebrate vi-
sion.

One implication of that speculation, if
it is correct, is that the breadth of ani-
mals that can be used to investigate
anomalies of binocular vision in humans,
such as strabismic amblyopia, can be ex-
panded; such an expansion would permit
novel inquiry into the mechanisms un-
derlying binocular vision and stereopsis
(16).

ROBERT Fox
STEPHEN W. LEHMKUHLE
RosBerT C. BUSH
Department of Psychology, ~
Vanderbilt University,
Nashville, Tennessee 37240
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Homosexual Rape and Sexual Selection in

Acanthocephalan Worms

Abstract. Acanthocephalan males have cement glands associated with the vas
deferens, secretions from which seal the female vagina with a cap after copulation
and so prevent subsequent insemination. Homosexual rape results in the male victim
having the genital region sealed off with cement and effectively removed from the
reproductive population. Sperm and cement are transferred to females during copu-
lation, but apparently only cement is transferred to males during homosexual rape.
Acanthocephalans conform to a parental investment model, and we interpret the
evolution of the cement gland and sexual behavior as the result of sexual selection.

Rape occurs in a variety of circum-
stances, but in nonhumans it usually is
related to male reproductive success. In
some species of Drosophila, males are
able to rape females that have already
copulated (/). The sperm of the rapist,
since it is the last insemination, is then
packed into the seminal receptacle on
top and is used first by the female fertiliz-
ing a majority of the eggs (2). In the rhab-
docoel turbellarian Stenostomum oeso-
phagium, behavior has been reported (3)
that we interpret as rape. Individuals are
nonselfing hermaphrodites, and cross-
fertilization occurs; but individuals will
approach quiescent individuals and rap-
idly evert the penis, hypodermically im-
pregnating the quiescent individual with-

out allowing cross-fertilization. There
are other reports (¢) of this sort of behav-
ior among turbellarians, suggesting that
individuals  will promiscuously in-
seminate but - selectively allow them-
selves to be inseminated. After homo-
sexual rape in the anthocorid bug Xylo-
caris maculipennis, the sperm of the
rapist enters the vas deferens of the vic-
tim and is used by the victim during
copulation. An individual may be raped
even while he is copulating with a female
(). We report here homosexual rape in
the acanthocephalan worm Moniliformis
dubius and interpret this behavior and
other aspects of the biology of acanthe-
cephalans in the context of parental in-
vestment and sexual selection.
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